. Although some studies [9] have suggested that stem cells seem to be present throughout the central corneal epithelium, the evidence applies to the mouse cornea only, and consensus continues to favor the corneal limbus and, in particular, deep involutions of the limbal epithelium into underlying vascularized stroma, termed the palisades of Vogt, as the major location of epithelial progenitor cells [3, 5] . Basal epithelial cells at the human limbus also possess different biochemical signatures compared to epithelial cells more centrally in the cornea when examined with spectroscopic techniques [10] . In the human eye, further specialized regions have been identified within this stem cell niche, termed limbal epithelial crypts, limbal crypts, and focal stromal projections [11, 12] . It seems, however, that well-defined palisades of Vogt are not present in all mammalian species; for example, palisades of Vogt are present in the pig eye [13] but reportedly absent in rabbits [14] and rodents. In the rabbit, although epithelial rete ridges projecting into the subjacent stroma, characteristic of the palisades [15] , are not seen, the basement membrane zone is nonetheless undulating [16] and exhibits discontinuities of the basal lamina, reminiscent of the human limbus [14] . Chen and associates [8] , in 2004, suggested that the basal invaginations of basal epithelial cells through the basement membrane at the human corneal limbus allowed close contact with the underlying vascularized stroma to facilitate nutrient transfer. More recently, Dziasko et al. [17] used a three-dimensional electron microscopy approach to demonstrate focal associations between small basal epithelial cells in crypt-rich zones of the human limbus in transplant-expired eye bank tissue and cells in the subjacent stroma. These stromal cells labeled positively for CD90 and CD105, two markers for mesenchymal stem cells, encouraging the authors to propose the limbal crypt region as a site of cellular interactions between epithelial and stromal stem cells.
Hayashi and associates [18] demonstrated N-cadherin expression by putative basal epithelial stem cells and associated melanocytes in the human limbus, implicating these cells in the modulation of the stem cell niche, and this idea has recently been expanded on by others [19] . Another concept, that specific properties of the non-epithelial stromal milieu, including the limbal microvasculature and localized connective tissue composition, may provide cues for the maintenance of a stem cell population in the limbal cornea has also been supported by several recent studies [20, 21] . These putative factors have not yet been investigated in detail. Signaling pathways, including those leading to cell proliferation and differentiation, are known to be significantly modulated by some of the tissue glycosaminoglycans (GAGs), such as chondroitin sulfate (CS) and heparan sulfate (HS), bound to proteoglycans in extracellular matrices, which can function as ligands for signaling molecules. The heterogeneity of sulfation patterns on the disaccharide chains of GAGs provides the potential for the diverse reactivity of these molecules. An earlier study on articular cartilage showed that CS sulfation motifs can identify distinct cellular populations with stem cell characteristics in this tissue [22] . Here, we document the three-dimensional architecture of a putative stem cell niche in the rabbit corneal limbus with a focus on the associations between basal epithelial cells and anterior stromal cells. We also provide new information on matrix-specific CS localization subjacent to the limbal niche, using a panel of monoclonal antibodies that react with novel sulfation motif epitopes.
METHODS
Tissue acquisition: Female Japanese white rabbits (n=2; Shimizu Laboratory Supplies Co., Ltd., Kyoto) were anesthetized by intravenous administration of pentobarbital sodium solution (64.8 mg/kg, Somnopenthyl, Kyoritsu Yakuhin Corporation, Tokyo) and euthanized by scission of abdominal aorta and vena cava. Corneas were removed immediately post-mortem by an incision parallel to, and approximately 2 mm outside, the limbus. They were then cut into superior, inferior, nasal, and temporal quadrants and transferred immediately to fixatives as described below. Animals were housed and treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
A specimen of human corneal limbus was dissected from the eye of a 56-year-old male donor. The research was approved by the Human Science Ethical Committee (School of Optometry and Vision Sciences, Cardiff University, UK) and the South East Wales Research Ethics Committee (Cardiff, UK). The institutional review board granted approval with a waiver of consent as the cornea was obtained from the Bristol Corneal Transplant Service Eye Bank (Bristol Eye Hospital, UK). All tissue used in this study was obtained in accordance with the tenets of the Declaration of Helsinki, and local ethical rules were adhered to throughout. The cornea was removed to storage culture medium in the eye bank within 48 h post-mortem and obtained for study after 4 weeks when the low endothelial cell count rendered the cornea unsuitable for transplantation.
Light, transmission, and SBF SEM: Samples from each quadrant were fixed by immersion in 2.5% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.3. After storage in buffer at 4 °C, they were processed using a modification of the method described by Deerinck and Ellisman for the generation of high backscatter electron contrast for serial block face scanning electron microscopy (SBF SEM). However, the blocks thus produced were also suitable for light microscopy on semithin (0.2-0.3 µm) sections after Toluidine blue staining and for transmission electron microscopy on unstained ultrathin (90−100 nm) sections. After the primary fixation step, full thickness, 1×5 mm tissue blocks were dissected from the limbus in each of the four corneal quadrants and transferred to 1.5% potassium ferricyanide/1% osmium tetroxide in cacodylate buffer for 1 h and then washed in distilled water. The blocks were then placed sequentially in 1% aqueous thiocarbohydrazide, 1% aqueous osmium tetroxide, and 1% aqueous uranyl acetate, each for 1 h and each followed by thorough washing in distilled water. After a further 1 h incubation in lead aspartate at 60 °C with more washes, the specimens were dehydrated in an ethanol series, from 70%, through 90% to 100%, and via propylene oxide, infiltrated, and embedded in Araldite CY212 epoxy resin over 2 days. After the resin was cured at 60 °C for 48 h, semithin sectioning was performed to identify areas of interest, and ultrathin sections cut onto uncoated G300 copper grids for examination in a JEM 1010 transmission electron microscope (Jeol (UK) Ltd, Welwyn Garden City, UK). Images of the epithelial basement membrane region, including the basal epithelium and superficial mesenchymal cells were acquired with an 11-megapixel 14-bit Orius SC1000 CCD camera (Gatan, Pleasanton, CA).
For SBF SEM, blocks containing suitably oriented regions of interest were glued to aluminum specimen pins and, after the surface was polished with ultramicrotomy, sputter-coated with gold (EM ACE 200, Leica Microsystems (UK) Ltd, Milton Keynes, UK). They were transferred to a Zeiss Sigma VP FEG SEM (Carl Zeiss Microscopy Ltd, Cambridge, UK), and sequences of up to 1,000 images acquired, with surface cuts of 50 nm, using an in-chamber Gatan 3View ® 2 sectioning system (Gatan UK, Oxford, UK). The image area was 10.598 × 10.598 µm, giving a resolution of 2.6 px/nm. Images were taken at 2.5 kV with 8 ms dwell time and a scan resolution of 4096 × 4096 pixels. Data sets were analyzed using Amira 5.6 software, or Image J/Fiji [23] , and displayed in 3D Viewer.
Immunohistochemistry: Corneal quadrants were fixed in 4% paraformaldehyde in 0.1 M Sörensen's phosphate buffer, washed briefly, cryoprotected in a graded series of sucrose, to 30%, in buffer and frozen over dry ice in optimum cutting temperature (OCT) embedding compound for sectioning at 10 µm thickness on a cryostat at −21 °C. Sections were collected on poly-L-lysine-coated slides and washed in PBS (1X; 145 mM NaCl, 1 mM NaH 2 PO 4 .2H 2 O, 18 mM Na 2 HPO 4 .2H 2 O, pH 7.4) containing 0.1% Tween 20, before exposure to a panel of monoclonal antibodies, shown in Table 1 , which recognize specific sulfation motifs on proteoglycans carrying chondroitin sulfate glycosaminoglycan chains. Before exposure to antibodies, all of which were diluted 1:10 in PBS/Tween, sections were blocked with PBS/Tween containing 1% bovine serum albumin (BSA) for 30 min. Antibodies were applied at 4 °C overnight. To validate the antibody reactions, some sections for each antibody were pretreated with 0.1 U/ml chondroitinase ABC (Sigma-Aldrich) in 100 mM Tris acetate buffer, pH 8.0 for 2 h at 37 °C, which degrades the CS chains carrying the epitopes they identify. Washing after antibody incubation was followed by treatment of all sections with goat anti-mouse AlexaFluor 488 secondary antibody (Molecular Probes, Invitrogen) diluted to 5 µg/ml in PBS/Tween, for 2 h, after which they were mounted under coverslips with Vectashield containing the nuclear stain 4',6-diamidino-2-phenylindole (DAPI: Vector Laboratories, Peterborough, UK). Sections obtained from the specimen of human limbus were treated in the same way as described for the rabbit tissue and exposed to 3B3, 4C3, and 6C3 primary antibodies. All sections were examined with phase and immunofluorescence microscopy with an Olympus BX40 microscope. Sections exposed to non-immune mouse serum or PBS instead of the primary antibody served as negative controls.
RESULTS

Light and transmission electron microscopy:
In the Toluidine blue-stained, semithin sections obtained from all four quadrants of the rabbit limbal cornea (Figure 1 ), no evidence of 
Antibody
Isotype Specificity Reference
3-B-3
IgM native CS/DS sulphation epitopes; also, C-6-S neoepitope "stubs"after digestion with chondroitinase [31, 33] 3-C-5 IgG native CS/DS sulphation epitopes [22, 31, 35] 4-C-3 IgM native CS/DS sulphation epitopes [22, 31, 35] 6-C-3 IgM native CS/DS sulphation epitopes [22, 31, 35] 7-D-4 IgM native CS/DS sulphation epitopes [22, 31, 35] structures resembling palisades of Vogt or epithelial crypts was evident. Nonetheless, the basement membrane zone in all four regions exhibited a markedly irregular profile distinct from the smooth interface present in the center of the cornea. Small blood capillaries were present in the subepithelial stroma at the limbus and in the peripheral cornea. In the former, a characteristic feature of mesenchymal cells, often in the pericapillary matrix, was the presence of cytoplasmic processes extending from the cells distally to make contact with the basement membrane and basal epithelial cells. Basal cells sometimes exhibited less basophilia than overlying layers and appeared paler-staining with Toluidine blue.
In the electron microscope, additional details of the irregular basement membrane were evident. Basal cells formed ornate lobed protrusions into the underlying stroma ( Figure  2A) , and their contours were followed faithfully by the basal lamina. However, at locations where it was approached by the processes emanating from mesenchymal cells the lamina often appeared discontinuous, permitting close epithelialmesenchymal cell contact ( Figure 2B ). Mesenchymal cell processes at the rabbit limbus were numerous and reached extensively into the pockets created by the lobed basal membrane of the epithelial cells. Small rounded cells with a high nucleus to cytoplasm ratio were sometimes observed within the basal epithelial cell layer, invariably with multiple mesenchymal cell processes nearby ( Figure 2B ).
Serial block face scanning electron microscopy: Observations of epithelial cell-mesenchymal cell associations in large data sets of serial images acquired with SBF SEM of limbal corneal specimens from superior and nasal quadrants of the rabbit eye clearly showed the extent of the penetration of mesenchymal processes into the basal epithelium at numerous sites ( Figure 3 , and Appendix 1), with individual cells often making several connections. Three-dimensional reconstructions of selected image sequences emphasized the abundance of mesenchymal cell processes, indicating that they occasionally extended distally between adjacent basal epithelial cells (Figure 4 , Appendix 2, and Appendix 3). Small capillaries were commonly identified in the superficial stroma in close proximity to sites of mesenchymal-epithelial cell interaction ( Figure 5 and Appendix 4).
Immunohistochemistry: A panel of sulfation motif-specific, anti-chondroitin sulfate/dermatan sulfate (CS/DS) glycosaminoglycan antibodies provided tissue-specific staining results when applied to the rabbit corneal limbus ( Figure  6 ). The immunoreactivity of these antibodies is indicated in Table 1 . The analysis showed that some antibodies (i.e., 3B3 and 3C5; Figure 6B ,E) detected no native CS/DS epitope whatsoever. However, a positive enzyme-sensitive signal was detected with antibody 7D4 in the midstroma of the peripheral cornea and was seen in association with deep capillaries in the limbus, but staining was absent from the putative stem cell zone along the limbal basement membrane ( Figure 6N,O) . Antibody 6C3 labeled the extracellular matrix along the basement membrane and around capillaries in the limbus at the site where epithelial-mesenchymal associations were observed with SBF SEM (Figure 6K ), and staining was removed by section pretreatment with chondroitinase ABC ( Figure 6L ). Antibody 3B3, as mentioned, detected no native epitope ( Figure 6B ) but showed positive localization of a CS/DS neoepitope after enzyme pretreatment ( Figure 6C ). Control sections were consistently negative with or without enzyme pretreatment ( Figure 6Q,R) . Only the 6C3 primary antibody showed positive immunofluorescence when applied to the human limbal sections (Figure 7 ).
DISCUSSION
Our observations of the epithelial basement membrane region in the rabbit corneal limbus confirm a lack of structures comparable to the palisades of Vogt, a characteristic feature of the human limbus, and which have previously been identified as the site of limbal epithelial progenitor or stem cells [5, 24] . Nevertheless, basal epithelial cells in this region of the rabbit limbus exhibit markedly irregular profiles, sending elaborate lobed protrusions into the underlying stroma and thus present a significantly increased surface area toward the superficial mesenchyme. This observation is not new, having been identified in previous studies of the rabbit limbus [14, 16] . However, our three-dimensional reconstructions of this region from serial block face scanning electron microscopy provide a new perspective and clear evidence that, in the rabbit, mesenchymal cells interact with the basal limbal epithelium just as discovered recently in the human limbus [17] . Given that the rabbit tissue examined here was processed immediately, this gives extra credence to the recently published findings of Dziasko and coworkers [17] , and implies, though indirectly, of course, that gaps in the corneal basal epithelium at the limbus in human eye bank tissue are not the consequence of extended storage in preservation medium.
We suggest that lobed protrusions of basal cells in the rabbit cornea may represent the palisades in miniature, broadly fulfilling the same role. Large-volume 3D reconstructions indicate that in the rabbit, mesenchymal cells subjacent to the epithelium extend numerous cellular processes that make contact with the basal lamina and occasionally penetrate distally between basal cells making close associations. In some of these locations, the basal lamina appeared discontinuous, with the possibility that confluence may be established between the two cell types. These associations, together with the presence of small basal cells with nucleus to cytoplasmic ratios resembling cells identified as stem cells in other studies, provide strong circumstantial evidence that this site represents the stem cell niche in the rabbit corneal limbus. The presence of a source of cells in the limbus to regenerate the corneal epithelium in the rabbit has been accepted since the observation by Kinoshita et al. [25] of centripetal movement of epithelial cells from limbal origins to repair central corneal surface wounds; in addition, delayed central corneal epithelial wound healing resulted from removal of the limbal epithelium [26] . In the human eye, evidence suggested that the limbal stem cell niche is predominantly within the inferior and superior limbal quadrants, corresponding to the prominence of the palisades of Vogt, epithelial crypts, and focal stromal projections at these locations [27] . In contrast, we observed mesenchymal-epithelial associations in semithin sections from all four quadrants of the rabbit eye and examined them in detail in 3D reconstructions in specimens from the superior and nasal limbus. This implies that the nature of the stem cell niche in the rabbit limbus is quite different from that in humans. Rabbit eyes exhibit some significant differences from those of humans, for example, in the blink rate (10 min versus 5-8 s between consecutive blinks in rabbit and human, respectively), anatomically in the tear film structure and stability [28] , and in the presence of a nictitating membrane in rabbit. The potential influence of these factors on the distribution of limbal stem cells is unknown and requires further study.
Confirmation of stem cell potential has previously been assessed with immunocytochemical detection of specific epitopes in tissue sections [8, 18] , even though no definitive stem cell markers have yet been identified; cell isolation and assessment of colony-forming activity in cell culture have become another criterion employed [12, 29] . An alternative approach, based on the supposition that cues for the maintenance of stem cell characteristics may reside in the extracellular matrix [20] , relies upon localization of specific epitopes in the niche environment. To date, few studies have attempted to define the stem cell niche based on the matrix composition. Hayes et al. [22] used specific monoclonal antibodies (including 3B3, 4C3, 6C3, and 7D4) that recognize the sulfation patterns of the chondroitin sulfate/dermatan sulfate glycosaminoglycan chains associated with cell and extracellular matrix proteoglycans. Several of these antibodies (3B3, 4C3, and 7D4) successfully identified, with immunocytochemistry and flow cytometry, pericellular matrix and colony-forming cell populations in the superficial zone of articular cartilage from which progenitor cells had previously been isolated [30] . The remarkable heterogeneity in sulfation motifs on CS/DS proteoglycans has long been recognized as a contributory factor in which considerable diversity of structure and specificity of function could be achieved [31] . A conservative assessment indicated the human glycome may encompass around 7,000 distinct glycan determinants, including numerous CS/DS structures [32] . The precise expression of specific CS/DS motifs, together with other matrix components, could therefore define the local extracellular compartment that contributes to the maintenance of the stem cell phenotype.
The antibodies employed in our study recognize carbohydrate moieties in native (i.e., non-enzyme-predigested) chondroitin sulfate. Antibody 3B3 is believed to recognize a six-sulfated disaccharide epitope at the non-reducing terminus on CS glycosaminoglycan chains [31] . No native epitope could be detected with this antibody in the corneal limbus, but the antibody identified a neoepitope exposed with chondroitinase pretreatment [31] , which is the more conventional application of the 3B3 reagent, as it was initially raised against the enzyme-generated epitope [33] . Although the structural epitopes of antibodies 4C3, 7D4, and 6C3 remain to be precisely defined, the available evidence from chain disruption studies suggests they are all different and reside in non-terminal sequences of the CS glycosaminoglycan chain, near the linkage region to the protein core [31, 34, 35] . Different susceptibilities to chondroitinase digestion of these epitopes in different tissues have previously been identified, consistent with our observations of the rabbit limbus, where some residual staining persisted after enzyme treatment followed by 7D4 antibody staining, whereas all staining with antibody 6C3 was removed. Previous studies showed a diversity of staining results with native CS antibodies in cartilages from different species, as well as changes through development and in disease [31, 33, 34] . Interestingly, the labeling we observed in the rabbit limbus with antibodies 6C3 and 7D4 appeared somewhat similar to that reported previously in human skin with both labeling sites of vascular and neural structures: 7D4 in the deep limbal stroma and reticular dermis; 6C3 labeling the basement membrane and superficial stroma and papillary dermis, in the limbus and skin, respectively. Antibody 4C3 failed to show a significant signal in the corneal limbus, unlike results reported in the skin. In addition, the intense labeling the antibody generated in a region of midperipheral corneal stroma was only slightly reduced by enzyme predigestion, suggesting native and neoepitope distribution for this antibody in the eye. The CS glycosaminoglycan epitope revealed by antibody 6C3 was the only component of the limbal matrix that appeared clearly coincident with the putative stem cell niche in the subepithelial stroma revealed by SBF SEM. Our preliminary results showed that antibody 6C3 also labels this site positively in the human corneal limbus.
The rabbit eye has historically proven to be a useful model for studies of corneal epithelial regeneration, and the present study indicates that in spite of morphological differences between the human and rabbit cornea at the limbus, this site has other features in common between the rabbit and human indicative of a stem cell niche at this location. The specific native CS/DS sulfation moieties, recognized by our antibodies, have been highly conserved in most animal species (chicken to human) in the stem/progenitor cell niche. We hypothesize that the collective function of CS sulfation patterns in the matrix is to act as ligands to bind and present, or sequester, a spectrum of signaling molecules, including cytokines, morphogens, chemokines and growth factors, which may lead to the initiation or inhibition of the stem to progenitor cell, to mature cell, cascades [31] . Evidence in support of this mechanism has already been reported from studies on cell migration and maturation in chondrocytes and cartilage [36, 37] . Specific markers for connective tissue glycosaminoglycans can thus help define the stem cell microenvironment in the eye, although further studies are required to expand this possibility and to confirm the progenitor capability of epithelial and mesenchymal cells in the rabbit limbus. -hand panels (A, D, G, J, M, and P) ; the center panels (B, E, H, K, N, and Q) show native epitope localization without section pretreatment. Antibody 6C3 labels the matrix subjacent to the limbal epithelial basement membrane (K, arrows). The right-hand panels (C, F, I, L, O, and R) show validation of the results by removal of native epitopes by section pretreatment with the chondroitinase ABC enzyme, and thus, the loss of the 6C3 signal (L). In some cases, neoepitopes are generated by enzyme treatment, as with antibody 3B3. The central cornea is toward the left in all panels, but toward the right in the controls (P, Q, and R). The scale bar represents 100 µm.
APPENDIX 1: FLYTHROUGH OF 300 SERIAL IMAGES FROM SBF SEM OF RABBIT EPITHELIAL BASEMENT MEMBRANE ZONE IN CORNEAL LIMBUS.
Mesenchymal cells send processes into basal epithelium at multiple sites. To access these data, click or select the words "Appendix 1".
APPENDIX 2: VIDEO OF 3D RECONSTRUCTION MADE WITH IMAGEJ 3D VIEWER PLUGIN FROM SBF SEM IMAGES OF RABBIT LIMBAL BASEMENT MEMBRANE ZONE.
Superficial mesenchymal cells extend multiple processes to contact basal epithelial cells. To access these data, click or select the words "Appendix 2".
APPENDIX 3: VIDEO OF 3D RECONSTRUCTION MADE WITH IMAGEJ 3D VIEWER PLUGIN FROM SBF SEM IMAGES OF RABBIT LIMBAL BASEMENT MEMBRANE ZONE.
Mesenchymal cell processes extend between adjacent cells of the basal epithelial layer. To access these data, click or select the words "Appendix 3".
APPENDIX 4: VIDEO OF 3D RECONSTRUCTION MADE WITH AMIRA 5.6 SOFTWARE FROM SBF SEM IMAGES OF RABBIT LIMBAL BASEMENT MEMBRANE ZONE.
Mesencymal cells, coloured in blue and purple, associate with epithelial cells, coloured in green in the vicinity of a superficial stromal capillary, coloured in orange. To access these data, click or select the words "Appendix 4".
